Basic ideas about the constancy and randomness of mutagenesis that drives evolution were challenged by the discovery of mutation pathways activated by stress responses. These pathways could promote evolution specifically when cells are maladapted to their environment (i.e., are stressed). However, the clearest example-a general stress-response-controlled switch to errorprone DNA break (double-strand break, DSB) repair-was suggested to be peculiar to an Escherichia coli F′ conjugative plasmid, not generally significant, and to occur by an alternative stress-independent mechanism. Moreover, mechanisms of spontaneous mutation in E. coli remain obscure. First, we demonstrate that this same mechanism occurs in chromosomes of starving F − E. coli. I-SceI endonuclease-induced chromosomal DSBs increase mutation 50-fold, dependent upon general/starvation-and DNA-damage-stress responses, DinB error-prone DNA polymerase, and DSB-repair proteins. Second, DSB repair is also mutagenic if the RpoS generalstress-response activator is expressed in unstressed cells, illustrating a stress-response-controlled switch to mutagenic repair. Third, DSB survival is not improved by RpoS or DinB, indicating that mutagenesis is not an inescapable byproduct of repair. Importantly, fourth, fully half of spontaneous frame-shift and base-substitution mutation during starvation also requires the same stress-response, DSB-repair, and DinB proteins. These data indicate that DSB-repairdependent stress-induced mutation, driven by spontaneous DNA breaks, is a pathway that cells usually use and a major source of spontaneous mutation. These data also rule out major alternative models for the mechanism. Mechanisms that couple mutagenesis to stress responses can allow cells to evolve rapidly and responsively to their environment.
H ow, when, and where mutations form underpins understanding pathogen-host interactions, antibiotic resistance, aging, cancer progression and therapy resistance, and evolution generally. Initial models of mutagenesis that drives evolution imagined random stochastic processes, roughly constant with time, and blind to selective environments (1) . In contrast, bacterial, yeast, and human cells appear to possess mechanisms that induce mutation pathways specifically during stress, under the control of stress responses (2) (stress-induced mutagenesis or SIM). These pathways suggest mechanisms by which genetic diversity could be generated preferentially when cells are maladapted to their environment (i.e., are stressed), potentially accelerating evolution responsively to environments, a major departure from classic views (1) . However, the significance of such mechanisms has been debated, as have the mechanisms themselves.
First, mutagenesis associated with the DNA-damage response has been argued to be an unavoidable consequence of induced DNA repair (3, 4) , not an evolutionary engine (5, 6) . Second, the strongest support for the idea of increased mutation rate during a general stress, and the most detailed understanding of a molecular mechanism, comes from starving Escherichia coli in an assay, the mechanism behind which has been debated. This mechanism appears to entail a switch from high-fidelity to errorprone DNA double-strand break (DSB) repair under stress, controlled by the SOS DNA-damage and the RpoS-general/ starvation stress responses (7) . Each stress response is necessary but not sufficient for the switch to mutagenic repair. Both confer up-regulation of the DinB error-prone DNA polymerase, which then makes errors that become mutations in acts of DSB repair via homologous recombination (HR) (7) . Whereas up-regulation of DinB is the sole role of SOS in DSB-dependent SIM (8) , RpoS additionally licenses the use of DinB (7, 9, 10) and other low-fidelity DNA polymerases (10) in DSB repair by a mechanism not yet elucidated. This process causes a switch from highfidelity to mutagenic DSB repair under RpoS-inducing stress (7) . RpoS is activated by many general stressors, including starvation, osmotic shock, cold shock, and oxidative stress (11) , making DSB-dependent SIM potentially important for producing genetic diversity when cells are maladapted to many stressing environments. SOS is induced in most or all acts of DSB repair (12) , making RpoS the switch to error-prone repair during stress. However, it has been argued that the mutations could form via an alternative stress-independent mechanism. Although similar phenomena are seen in other bacteria, yeast, and human cells (2) , the mechanisms are less well understood.
Both synchrony with stress and the DSB repair-dependence of DSB-dependent SIM are nonrandom aspects of mutation (7) , and both were argued to be peculiar to the assay system, caused by a stress-independent mechanism, and not generally relevant to spontaneous mutagenesis underlying evolution. First, DSBdependent SIM controlled by RpoS was studied mostly in assays for reversion by frame-shift mutation of defective lac (13) or tet (e.g., ref. 7 ) genes in an F′ conjugative plasmid, which has engendered longstanding concerns about its significance. The mutagenesis appeared to be peculiar to F-located alleles (14) (15) (16) (17) and to the specific F′ used (18, 19) , which carries an extra copy of dinB, calling into question the general relevance of this mechanism (16) . Although chromosomal mutations were observed (20, 21) , these were postulated to be an indirect consequence of the peculiar dinB-expressing F′ and independent of stress (19) . Second, because dinB is near lac in this specific F′, when Lac + mutants are selected, spontaneous amplifications of the weakly functional lac gene can be selected for increased lac function and might include and overexpress the nearby dinB. The mutagenesis was argued to be independent of stress and merely a byproduct of growth of a cell carrying the selected gene amplification (16, 19) , and although other studies failed to repeat (22) and con-tradicted (e.g., refs. 22 and 23) key predictions of the amplification growth-and-mutation model in the Lac assay, the model persists as an explanation for DSB-dependent SIM (16, 19) . Third, DSB-dependent mutation was discovered in E. coli (24, 25) and then demonstrated and detailed in yeast (e.g., refs. [26] [27] [28] , the latter not known to require stress or stress responses. DSB-coupling can make mutation nonrandom in genomic space (7) in addition to temporal nonrandomness. However, in both E. coli and yeast, DSB-dependent mutagenesis requires induction of DSBs by endonucleases, either encoded by F (7) or engineered into cells (7, (26) (27) (28) . Because spontaneous DSBs are far rarer (12) , DSB-dependent mutation pathways might contribute insignificantly to most spontaneous mutation. Mechanisms of spontaneous mutation in bacteria are virtually unknown (29, 30) , as was the possible contribution of DSB-dependent mutation or SIM. Here we show that DSB-dependent SIM occurs in the bacterial chromosome of plasmid-free cells, does not result from growth of selected gene amplifications promoting mutation independently of stress and, moreover, represents about half of spontaneous frame-shift and base-substitution mutagenesis in starving cells. These data indicate the generality of DSBdependent stress-induced mutation, rule out major alternative models for the mechanism, and define a mechanism underlying a major component of spontaneous mutation in E. coli.
Results and Discussion
Chromosomal DSB-Dependent Stress-Induced Mutation in F − Cells.
We show that DSB repair-dependent SIM is not peculiar to lac, selection for Lac + phenotype, amplification, genes near lac, conjugative plasmids, or cells carrying them. We developed a mutation assay for reversion of a chromosomal tet +1-bp frameshift allele in starving F − cells. The tet gene was placed 8.5 kb from an I-SceI double-strand endonuclease cutsite (I-site A, tet2, Fig. 1A ) engineered into cells with or without a chromosomal, regulatable I-SceI gene, which we created and used previously to show that DSBs promote SOS-, RpoS-, DinB-, and DSB-repair protein-dependent mutation in the F′ (7) . The cells are grown in liquid minimal medium with glucose both as a carbon source and to repress the P BAD promoter controlling I-SceI. When glucose is exhausted, the cells enter stationary phase and derepress P BAD ISceI slightly: enough to generate some DSBs, but not enough to cut all sites, so that repair by HR using an uncleaved sister replicon is possible (7) . Most stationary cells contain only one chromosome, but about 40% carry two (31) . Presumably, successful repair events occur in that subfraction. E. coli lacks efficient nonhomologous end-joining, and does little DSB repair without homologous sequence from a sister chromosome (12) . Although possible, repair by HR using a duplicated chromosome segment is less likely because duplications are less frequent [≤10 R mutant frequency was 55 ± 10-fold higher (mean ± SEM, three experiments) in the DSB strain than the "cutsite-only" control strain lacking I-SceI endonuclease (CS) (Figs. 1B, 2, and 3A) and "enzyme-only" control strain (Enz) (Fig. 1B) , demonstrating that DSBs in the E. coli chromosome promoted mutation (Figs. 1B, 2, and 3A) .
We quantified the number of cells with DSBs (SI Appendix, SI Materials and Methods) at the 72-h starvation time point used in most of the experiments here. Between 7% and 16% of the cells have a DSB, 47 times more than in no-DSB controls (SI Appendix, Fig. S1A ).
Isogenic strains with deletions of rpoS or dinB did not exhibit increased mutant frequencies (Figs. 1B, 2, and 3) . Cells carrying the rpoS or dinB mutations and a functional tet gene form colonies normally on glucose tetracycline plates under exact reconstructions of experimental conditions (SI Appendix, Table S1 ). Thus, rpoS and dinB mutations did not depress Tet R colony (cfu) counts by slowing colony formation of Tet R mutants, once formed. We conclude that the DSB-provoked mutation process itself requires RpoS and DinB functions. The requirement for an RpoS stress response indicates that these are stress-induced mutants.
The stress that induces mutagenesis appears to be starvation, not exposure to the antibiotic tetracycline, because mutagenesis relates to the time starving in the absence of tetracycline (Fig.  1B) , not to exposure to selective tetracycline plates, which did not occur until after cells were returned to growth medium. This finding rules out the possibility that selection of amplification of the tet gene was required for mutation. Subsequent experiments were performed at 72 h in stationary phase.
RpoS Activates DSB-Dependent Mutation in Unstressed Growing
Cells. We show that DSBs are not always mutagenic but rather become mutagenic only when cells are stressed and induce their RpoS-controlled general stress response. We examined un- , and tetA allele with a +1-bp frame-shift mutation (tet2, blue arrow) are engineered into the chromosome of cells carrying the chromosomal P BAD -promoter-regulated I-SceI endonuclease gene (red arrow), which expresses I-SceI slightly (SI Appendix, Fig. S1A ) in the absence of glucose (7), the condition used here. Tet R mutants, caused by compensatory frame-shift mutations (SI Appendix, Fig. S5 ), occur during starvation in liquid medium without tetracycline (B) and are scored as cfu on rich glucose tetracycline plates after rescue from starvation. oriC and terC, origin and terminus of chromosomal DNA replication. Arrows, 5′ to 3′ orientation of genes. (B) I-SceI-mediated DSBs promote Tet R reversion in prolonged stationary phase. Strains: CS (cutsite only) (◆); Enz, (enzyme only) (□); DSB (enzyme and cutsite) (■); DSB ΔdinB (×); DSB ΔrpoS (▲). (C) I-SceIinduced DSBs are not mutagenic in unstressed growing cells unless RpoS is up-regulated artificially by deletion of its negative regulator, rssB. The mutagenicity requires RpoS and DinB. In all figures, mutant frequencies are mean ± SEM for at least three independent experiments each, with three cultures per strain per experiment. SI Appendix, Table S5 shows the data in each figure. stressed growing cells in which DSBs were induced by a brief pulse of arabinose [to induce I-SceI transcription (7)] and find that DSB repair is not mutagenic because RpoS is not expressed at that time (Fig. 1C ). This finding is true also in cells carrying the F′ with dinB + (7). However, if RpoS is expressed inappropriately in unstressed log-phase cells by deletion of the rssB-encoded negative regulator of RpoS, then the DSBs promote mutations, and these are both RpoS-and DinB-dependent (Fig. 1C) . Note that ΔrssB abrogates only one (posttranslational) of the at least three levels of repression of RpoS in log phase; the transcriptional and translational repression (32, 33) remain intact such that we have increased RpoS levels less than is expected in stationary phase, yet still restore some mutagenesis. We conclude that DSB-promoted RpoS-dependent mutation in F − E. coli cells is regulated temporally to times of stress via its coupling to the RpoS response. Furthermore, stress is not required; activation of the stress response is sufficient.
Proportional Contribution of F′128 via dinB. When added back, the F′ plasmid increased chromosomal mutagenesis in 72-h starved cells only approximately twofold compared with isogenic F − cells, and mutagenesis still required RpoS and DinB (Fig. 2) . The contribution of F′128 to mutagenesis results from an extra dinB gene carried by this F′, in that it is abolished in a strain deleted for the F′ copy of dinB (Fig. 2, Rightmost bar) . Therefore, the chromosomal dinB copy is sufficient for DSB-promoted SIM. Cells with the F′ dinB + and chromosomal ΔdinB mutate similarly to F − dinB + cells (SI Appendix, Fig. S2 ), showing that location of dinB in F or chromosome is equivalent. A major alternative model in which mutation is not stress-induced, but rather requires selection of cells carrying amplification of the lac gene with the F′ dinB (16, 19) when dinB is next to lac in the F′, is ruled out because the cells in these experiments carry both a lac deletion and no F′ dinB, and also are not starved in lactose, which would be needed for selection of lac amplification.
DSB Repair Proteins, SOS Response, and Sequences of Chromosomal DSB-Dependent Stress-Induced Mutations. Chromosomal DSBprovoked tet frame-shift reversion in F − cells requires functional DSB-repair and HR proteins RecA, RecB, and RuvC, an inducible SOS DNA-damage response, RpoS, and DinB (Fig. 3A) functioning in a single pathway (SI Appendix, Fig. S3 ), but not RecQ or RecJ (SI Appendix, Fig. S4 ), as shown for mutation in Fborne genes (2, 7, 24, 34) . These data imply that chromosomal DSB-provoked mutation occurs by a similar or the same mechanism as described for lac in the F′. In addition, as with F′ Lac + reversion (e.g., ref. 35) , Pol II appears to compete with DinB/Pol IV such that Pol II − cells show increased DSB-dependent SIM that is DinB-dependent (Fig. 3B ). Furthermore, a weak but significant Pol V (umuCD) requirement ( (36) and dominate DSB-associated SIM of a lac frame-shift allele (7, 25, 37) , although base substitutions are also abundant in a nonframe-shift assay (21) . We conclude that chromosomal DSB-dependent SIM occurs by a similar or the same mechanism, using the same proteins and causing similar mutation sequences, as DSB-dependent SIM at lac in the F′.
RpoS and DinB Are Not Required for DSB Survival. Of the genes required for DSB-dependent mutation (Fig. 3A) , only the DSB repair genes are required for survival of the DSB (SI Appendix , Fig.  S1B) ; the rest promote mutagenesis (Fig. 3A) but are not required for DSB repair during starvation (SI Appendix, Fig. S1B ). This finding indicates that use of the error-prone DNA polymerase is not an unavoidable requisite for repair (as suggested in refs. 3 and 4), but rather a regulated decision not needed for DSB survival. DSB-Dependent Stress-Induced Mutagenesis in Wild-Type Strain MG1655. Chromosomal DSB-provoked SIM is not peculiar to the FC36 strain background (13) used here. Sequenced "wild-type" K12 strain MG1655 also shows RpoS-and DinB-dependent DSBprovoked tet mutation during starvation, with a 13 ± threefold increase in the DSB-versus the cutsite-only control strain (SI Appendix, Fig. S6 ). These results imply that DSB-provoked chromosomal SIM is general to RpoS-competent E. coli rather than specific to a particular strain. The difference in mutant frequency in FC36 versus MG1655 might reflect the variability of the general stress response in different E. coli K12 strains (38) .
Spontaneous Frame-Shift and Base-Substitution Mutation via Similar SIM Mechanism. We show that much of spontaneous frame-shift and base-substitution mutation, in the absence of induced DSBs, during starvation is DSB-repair protein-, DinB-, and stressresponse-dependent. We find that about half of spontaneous frame-shift (Tet R ) and base-substitution (Nal R ) mutagenesis (no I-SceI) in 72-h stationary cultures of F − cells requires the RpoS and SOS stress responses, DinB, and DSB-repair proteins RecA, RecB, and RuvC (Fig. 4) . From the Nal R mutants, we sequenced the gyrA gene, which is frequently mutated in cells that have acquired Nal R (39) , and confirmed that the Nal R mutants carry basesubstitution mutations of similar sequence and position in the gyrA gene, as observed for Nal R mutations previously (mostly C to T and A to G) (SI Appendix, Fig. S5B ) (39) . We conclude that about half of spontaneous frame-shift and base-substitution mutagenesis in starving cells proceeds via a pathway that requires the DSB-repair and DinB proteins, SOS, and RpoS general stress responses. These data imply that these spontaneous mutations result from a mechanism similar to or the same as DSB-dependent SIM.
Conclusions. The data presented show that DSB-dependent stress-induced mutagenesis is a general feature of E. coli biology. It is not, as suggested (14) (15) (16) (17) (18) (19) , peculiar to the F′ replicon, to cells carrying an F plasmid, or to cells with more than one dinB copy. These data rule out stress-independent mechanisms caused by selecting for revertants of a leaky lac allele that can be amplified and generate the mutations near lac, or be peculiar to cells with coamplification of lac and a nearby dinB gene (16, 19) . Rather, ISceI-induced DSBs provoke nearby mutations in chromosomes of F − E. coli during generic starvation conditions, independently of selection for amplification of the mutated gene or dinB (Figs. 1-3 ), in two different E. coli K12 strain backgrounds (Figs. 3 and SI Appendix, Fig. S6 ). Although it might seem possible that a stressindependent amplification, selection, growth and mutation model might dominate DSB-dependent Lac but not Tet reversion, first, previous data failed to support amplification-mutagenesis at Lac (22 and 23, and reviewed in 2 and 40), and second, the congruence of proteins used for Lac and Tet mutagenesis (Figs. 1 and 3, and SI Appendix, Figs. S3 and S4) (2, 7, 24) and similar sequences of the reversions (SI Appendix, Fig. S5 ) (7, 21, 25, 37) are most simply interpreted as a similar or the same mutation mechanism dominating in both circumstances. The mutagenesis occurs only in stressed cells (Fig. 1B ) but can occur in unstressed growing cells if the RpoS response is activated artificially (Fig. 1C) , illustrating the RpoS-controlled switch from high-fidelity to mutagenic DSB repair (7) . Moreover, stress is not required for mutation; activation of the stress response is sufficient (Fig. 1C ). This finding excludes models in which RpoS was proposed to promote recovery of mutants by allowing survival of stress (16) . Importantly, the DSB-dependent stress-induced mutation pathway, or one like it in its requirements for the RpoS and SOS responses, DinB and DSB-repair proteins, appears to account for fully half of spontaneous frame-shift and base-substitution mutation in starving E. coli (Fig. 4 ). These results demonstrate that DSB-dependent SIM is a major mutation route in E. coli.
Generality of RpoS-Dependent and Stress-Inducible Genomic Instability.
Whereas our results imply the generality of DSB-, RpoS-, and DinB-dependent SIM, recent work suggested that RpoS-and DinB-dependent SIM did not occur in a relative of E. coli, Salmonella enterica strain LT2, even when the LT2 rpoS gene was overexpressed (41) . This finding probably reflects the choice of Salmonella strain. LT2 is a nonpathogenic natural variant that is nonpathogenic because it is RpoS-deficient (42, 43) , having a UUG rather than AUG start codon (43) . Thus, RpoS-dependent mutagenesis would not be expected to occur in LT2. RpoS is present or functional heterogeneously both among bacterial species and between isolates of a species (44) , and variants that lack RpoS evolve other control of genes/pathways normally regulated by RpoS (45) . These facts could explain why RpoS does not affect mutagenesis in LT2. In contrast, a pathogenic S. enterica strain, expected to express RpoS normally (42, 43) , displayed DSB repairprotein DinB-, SOS-, and RpoS-dependent SIM when exposed to bile (a stressor) and induced bile-resistant mutants (46, 47) . Thus, use of DSB repair-protein-RpoS-, SOS-, and DinB-dependent mutation appears to occur in Salmonella but, as expected, to be confined to strains with functional RpoS.
Other pathways of stress-inducible mutation that are less defined molecularly also require RpoS, including transposition/ excision of phage-μ (48, 49), stress-inducible point mutation (50) , and transposition (51) in Pseudomonas putida, DSB-independent SIM in aging colonies of an E. coli natural isolate (52) , and DSBdependent (7, 53) stress-induced gene amplifications in E. coli (54) . The importance of coupling inducible mutagenesis pathways to a broad general stress response like RpoS might be that genetic diversity may be generated responsively to many different stressors and environments.
Other bacterial starvation and general stress responses also promote mutagenesis during stress (8) . These processes include the stringent and the competence starvation-stress responses in The DSBrepair-dependent SIM pathway, requiring RecA, RecB, RuvC, SOS/DinB, and RpoS, constitutes about half of spontaneous Tet R frame-shift-reversion mutation. Mutant frequencies after 72 h in stationary phase in strains with no I-SceI, and so with only spontaneous DSBs. The mutant strains differ from wild-type significantly: ΔrecA P = 0.001, ΔrecB P = 0.004, ruvC P < 0.001, lexAInd − (SOS − ) P = 0.001, ΔrpoS P = 0.006, and ΔdinB P = 0.004, WilcoxonMann-Whitney U Test. (B) Half of spontaneous base-substitution mutation (SI Appendix, Fig. S5B ) to nalidixic-acid resistance during starvation is DSBrepair protein, DinB-and stress-response-dependent. The mutants differ from wild-type significantly: ΔrecA P < 0.001, ΔrecB P = 0.001, ruvC P < 0.001, lexAInd − (SOS − ) P = 0.001, ΔrpoS P = 0.01, and ΔdinB P = 0.074.
Bacillus subtilis (55), the stringent (56, 57) cAMP (49, 58) responses to starvation, and RpoE membrane-protein stress response (40) in E. coli. These processes promote base-substitutions (56, 58) , frame-shift mutations (40) , amplification (40) , mobileintron movement (57) , and transposon excision (49, 57) . These examples illustrate the apparently multiple evolutions of mechanisms that couple genomic instability pathways with stress responses and stress. The importance of all of these is that genetic diversity is generated preferentially when cells are maladapted to their environment: when stressed. This finding contrasts with early ideas about the constancy of mutation fueling evolution (1) and recent arguments that growth of selected amplifications can explain apparent SIM independently of stress-inducibility (16).
When Amplification-Mutagenesis Applies. Although models with selection for amplification, growth, replication, mutagenesis, then loss of the nonmutant copies (amplification-mutagenesis) cannot explain DSB-dependent SIM (above), they may pertain to Salmonella selected for resistance to protamine, a membranedestabilizing peptide antibiotic (59) . Mutations in eight genes conferred resistance but caused slow growth without antibiotic. Of the eight loci, hemC lies between rDNA repeats. Only this locus reverted rapidly to faster growth without antibiotic, and some of the revertants were heterogenotes with duplications of hemC. If the duplication strains were grown for 30 to 70 (59) or 210 generations (60) without antibiotic, faster-growing revertants with one mutated hemC gene were obtained. Thus, amplification-mutagenesis may predominate when a partial-functional allele can be selected for amplification, and lies between repeats that promote duplication, and when the many generations required for postmutational loss of amplification are allowed.
In DSB-dependent stress-induced Lac and Tet reversion, the many generations required are unlikely or even impossible, and neither gene lies between repeats (and tet amplification is not selected).
Mutagenesis Is Not Needed for DSB Repair. It has been argued that mutagenesis associated with SOS induction is an unavoidable consequence of the DNA repair/survival functions of SOS, not an enhancer of evolution (3, 4) , as was suggested initially (5, 6) . Importantly, we find that neither RpoS nor DinB confers any detectable boost in DSB survival, even under RpoS-inducing stress conditions (SI Appendix, Fig. S1B ) (7) . Previously, RpoS and DinB slightly decreased DSB-survival (7). Thus, RpoS and DinB do not improve-and may slightly reduce-DSB-repair efficiency. We conclude that RpoS/DinB-induced mutagenesis is not an unavoidable consequence of the DSB repair to which the mutagenesis is coupled. Both RpoS and DinB allow survival of problems other than DSBs (11, 61) . However, the roles of RpoS and DinB in DSB repair are not needed for the repair and rather might confer the survival advantage of generating rare betteradapted mutants.
DSB-Dependent Spontaneous Mutation. For evolution, cancer, infectious disease, and biology, the most important mutation mechanisms are those that produce "spontaneous" mutations: the mutations that cells accrue without experimental manipulations designed to induce mutation pathways, which might not predominate otherwise. However, spontaneous mutation mechanisms are poorly understood (29, 30) . DSB-dependent mutagenesis was discovered in E. coli (24, 25) , then demonstrated and elaborated in yeast (e.g., refs. 26-28), but whether DSB-dependent mutagenesis occurred only in cells with artificially induced DSBs was unclear. In E. coli and yeast, DSB-dependent mutagenesis required induction of DSBs by endonucleases, either encoded by F (7) or engineered into cells (7, (26) (27) (28) . Remarkably, we found that the proteins of DSB-dependent SIM are required for half of spontaneous frameshift and base-substitution mutation in starving F − cells (Fig. 4) , implying a major contribution of this pathway to spontaneous mutation during starvation. Given the large number of mechanisms of spontaneous mutation that operate simultaneously (29) , it is impressive that fully half can be accounted for by this particular SIM pathway. Previous screens for proteins required for spontaneous mutation uncovered error-prone DNA polymerases in yeast (62, 63) , and in E. coli, some of the SOS-response and DSB-repair proteins found here (RecA, RecB, SOS) (64) (65) (66) . Although, with the exception of ref. 66 , these authors did not study starvation or other stress conditions knowingly, it is possible that most of the spontaneous mutations in those assays also arose from occasional stressed cells, possibly by DSB-dependent SIM or a similar mechanism.
Stress-Inducible Mutation, Evolution, and Disease. Starvation, stationary-phase, and stress are normal experiences of microbes in the wild and are encountered frequently by cells of multicellular organisms. Mechanisms that promote mutation during stress by coupling mutagenesis to stress responses can enhance the ability of cells to evolve rapidly, responsively to their environment, specifically when they are maladapted. This responsive gene-diversification strategy is similar to how protein diversity is maximized during stress when chaperones are less available, potentially promoting evolvability (67) . Generation of both phenotypic and genetic variation may be means by which organisms accelerate evolution responsively to their environments. Both stress-induced mutagenesis and phenotypic diversification (67) could contribute to observations of climate/heat stress-induced enhanced expression of genetic variation, leading to rapid evolution (68) . Several antibiotics induce resistance mutations (69-71) and may well do so via DSB repair-coupled SIM, as suggested for ciprofloxacin, which induces resistance DSB-repair-protein-, SOS-and DinB-dependently (69) . The involvement of oxygen radicals in some antibiotic-induced mutagenesis (71) might be via DSBproduction, or perhaps activation of the RpoS response, which is activated by oxidative stress. Similarly in cancer cells, stressors including hypoxia do (72) and chemotherapies could provoke the genomic instability that drives all stages of progression of cancer and resistance. With better understanding of SIM mechanisms, these problems might be addressable therapeutically in infections and cancer.
Materials and Methods
A brief summary of methods used follows. For full details, see SI Appendix, SI Materials and Methods. E. coli strains used in this study are given in SI Appendix, Table S2 . The tet reporter gene, chromosomal I-SceI expression system, and sites are described in SI Appendix, SI Materials and Methods, and Tables S2 to S4. Bacteria were grown on LBH or M9 minimal medium supplemented with 10 μg/mL thiamine (vitamin B1) and 0.1% glucose as carbon source. Other additives were used at the following concentrations (μg/mL): ampicillin, 100; chloramphenicol, 25; kanamycin, 50; tetracycline, 10; sodium citrate 20 mM. For mutation assays, single colonies from M9 glucose vitamin B1 (B1) plates that had been incubated for ∼22 h at 37°C were inoculated each into 5 mL of M9 glucose B1 broth and grown for 12 h shaking, three independent cultures per genotype per experiment. These cultures were diluted 1:100 into the same medium and grown 8 to 10 h, diluted 1:100, and grown 12 h to saturation (time "0") (Fig. 1B) , then incubated further for 72 h. Mutant frequencies were determined by plating on LBH glucose tetracycline (Tet R mutant cfu) and LBH glucose plates (total cfu), and are expressed as Tet R per total cfu. Data from which plots were generated are given in SI Appendix, Table S5 . For log-phase experiments (Fig. 1C 
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tet Reporter Gene. We linked the nonfunctional tetA+1 mutation-reporter allele (3) to a chloramphenicol-resistance (cat) cassette, creating a moveable tetA+1FRTcatFRT cassette, to allow selection of insertions of this cassette during strain constructions. tetA+1 allele and I-SceIcutsite-carrying strains were constructed using primer sets in Table S4 . The precise location of each insertion is given in Table S3 . When cells acquire a compensatory frameshift mutation in the tetA+1 gene, cells become tetracycline resistant (Tet R , Fig. S5A ).
The chromosomal I-SceI endonuclease expression system (4) used previously to introduce DSBs into F'128 in the Lac system for stress-induced mutagenesis (5) was used to induce DSBs into the E. coli chromosome. The 18bp I-SceI cutsite sequence is normally absent from the E. coli genome, and was engineered into a sight near 3.9Mb in the genome (Table S3 ). The site was included in primers used to amplify a kanamycin-resistance cassette (Table S4 ) and recombined into the genome. Three Chi sites were engineered adjacent to one side of the cutsite in the active orientation to interact productively with RecBCD to promote DSB repair, GG3' side of the 5'GCTGGTGG Chi sequence towards the DSB site (6). The chromosomal I-SceI gene is under the control of the P BAD promoter and so is induced strongly by arabinose and weakly in the absence of glucose which represses that promoter (5) . In all experiments reported, measuring mutagenesis and/or efficiency of DSB formation by the I-SceI system, terminal cultures used in the experiments were shown to retain the functional regulatable I-SceI gene and cleavage site by quantitative measurement of arabinose-sensitivity of the cells by comparing cfu titers on arabinose and glucose plates. Typical frequencies of arabinose-resistant mutants, which have acquired a mutation in the I-SceI cutsite or gene (5), were usually between 10 -4 and 10 -5 , and never more than 10 -3 , as previously (5), demonstrating that the vast majority of cells examined in our experiments is DSB-competent. We found previously that the arabinose-resistant mutants consist mostly of cutsite mutants, presumably the result of low-level Ku-independent nonhomologous end-joining in E. coli (5) .
Determination of Numbers of Cells with DSBs.
Efficiency of DSB formation with the weak ISceI induction in starved cells (without arabinose) used here was measured by the sensitive flowcytometric assay of Pennington and Rosenberg (7), which can detect DSBs in small cell subpopulations (down to 10 -4 of cells in the population with a DSB) and assays living cells, avoiding measurement of DSBs formed during sample preparation. This assay uses a chromosomal gfp gene controlled by an SOS-regulated promoter, and the fact that DSBs induce the SOS response RecB-dependently, to quantify living cells with one or more DSBs, as RecB-dependent SOS-induced green cells. In this assay irreparable chromosomal I-SceI-induced DSBs (all chromosomes cut) produced green cells with unit efficiency (7) and reparable DSBs (DSBs made in cells with cutsite-free DNA homologous to the DSB site with which to repair) produced green cells with 25% efficiency (7). In our experimental conditions, some of the DSBs made with the low-level leaky I-SceI induction in stationary cells used here will be irreparable (made in cells with a single chromosome) and as many as 40% are expected to be reparable, made in the ~40% of stationary cells with more than one chromosome (8) , and made in only one of the two chromosomes present. Therefore, 60% of green cells observed are expected to correspond directly to cells with one or more DSBs, whereas 40% of green cells may reflect between 1 and 4 times more cells with one or more DSBs. Thus, we estimate the number of cells with one or more DSBs as a range between 1 and 0.6 + (0.4 × 4 = 1.6) = 2.2 times the number of green cells. This correction factor is applied to the green cell counts in Figure S1A to determine the frequency of cells with one or more DSBs: between 7 and 16% for DSB strains, 47 times more than the no-DSB control strain ( Figure S1A and legend) . (7) (Supporting Materials and Methods). DSBproducing SMR11742 cells with a chromosomal SOS-regulated gfp gene, an inducible I-SceI enzyme and a chromosomal cutsite, and enzyme-only (no-DSB, SMR11740) strains were assayed at saturation (0 hr stationary-phase) and at 72 hours of starvation, the experimental condition used in most experiments here. Whereas the cutsite-only (CS) no-DSB strain showed 0.08 ± 0.01% and a similar 0.14 ± 0.03% green cells at 0 and 72 hours respectively, the DSBproducing strain showed a similar 0.16 ± 0.01% green cells at 0 hours, but 7.3 ± 2.2% green cells, or 47 times more than the cutsite-only control, at 72 hours (mean ± SEM of 3 experiments for all values). As expected, the 7.3% green cells at 72 hours were essentially all RecBdependent, reflecting their origin as DSBs (CS, SMR13159; DSB, SMR13160). Per SI Materials and Methods, this corresponds to between 7% and 16% of cells with one or more DSBs at 72 hours of starvation, the condition used in the SIM experiments reported here. In these experiments and those in part (B), arabinose-resistant cells (those with mutant I-SceI site or gene) were usually between 10 -4 and 10 -5 and were always fewer than 10 -3 of each culture. This indicates that the low number of DSB-carrying cells reflects our partial-induction conditions and not mutation of the cutsite. (B) Survival of DSBs by mutant strains. Cell viabilities were measured at 72 hours in stationary-phase in isogenic strain pairs: a "DSB strain" with I-SceI enzyme and I-site A, and the cutsite-only (no-DSB) control. Values shown are the relative viabilities of the DSB-producing strain normalized by its isogenic no-DSB control to show the relative survival of cells with DSBs (mean ± SEM, 3 expts.). The somewhat greater kill indicated (~40-50% comparing the recA or recB strains respectively with the wild-type) than is seen for numbers of cells with DSBs in part A (7-16%) probably reflects the continuous accumulation of DSBs that are not repaired in the recA and recB strains over the 72 hours of stationary phase that these experiments ran, and may imply that some of the dead cells lyse over time, making them invisible to the "snap-shot" of flow cytometry at the 72h time point in (A).
Strains Used in Each Figure
Strains from left to right: SMR10866, SMR10865, SMR10862, SMR10861, SMR10868, SMR10867, SMR10856, SMR10855, SMR10874, SMR10873, SMR10860, SMR10859, SMR11717, SMR11716. 128 (9). CS, cutsite-only controls, DSB, strains with enzyme and cutsite that can make DSBs. All are isogenic except for the mutation(s) indicated. The CS strain is 60±22-fold decreased from the DSB strain, and DSB ∆recQ, and DSB ∆recJ are not significantly different from the DSB strain (P = 0.54) and (P = 0.83), respectively. Neither are the CS ∆recQ or CS ∆recJ strains different from the CS strain (P = 0.88) and (P = 0.37), respectively (Wilcoxon-Mann-Whitney U Test). Strains from left to right: SMR10865, SMR10866, SMR14997, SMR14998, SMR14993, SMR14994. Three independent Tet R mutants of each of the strain genotypes indicated were purified and incubated for 72 hours in stationary phase in M9 B1 glucose medium exactly as described in Materials and Methods for the tet mutation assay. Appropriate dilutions of Tet R cultures containing 20-100 cells were mixed with 5 x 10 9 isogenic Tet S cells, plated on LBH Tet glucose plates and incubated at 37°C in exact reconstructions of the conditions in which Tet R mutants are selected. Appearance of Tet R colonies was scored at 24 hours, the time at which Tet R cfu in mutagenesis experiments are scored, and at times before and days afterward. In all cases no additional colonies appeared on the selective plates after 24 hours. Strains designated "CS" are no-DSB control strains with the I-SceI cutsite only and no enzyme. Strains designated "DSB" are the DSB-proficient strains with both I-SceI enzyme and cutsite. Percent of cfu under selective versus nonselective conditions is a comparison of cfu on LBH glucose Tet plates, with Tet S neighbor cells, compared with the total number of colonies on LBH glucose plates in the absence of Tet S cells. * E. coli strains and plasmids were constructed using standard P1 transduction, transformation (2), lysogenization (4), recombinant DNA (27) and short-homology recombineering methods (11) . Sequencing was performed by SeqWright DNA Technology Services (Houston, TX). † These are independent isolates of stress-induced Tet R mutants of the strains indicated. Insertion site allele names are according to nomenclature for insertions not within a particular gene (28) . I-SceI cutsite (I-site) and tet allele were inserted, deleting base pairs between coordinates shown, using phage λ Red-mediated short-homology recombineering methods (11) with donor template sequences and steps outlined in Table S2 . 
